Delivery of factors capable of promoting oligodendrocyte precursor cell (OPC) survival and differentiation in vivo is an important therapeutic strategy for a variety of pathologies in which demyelination is a component, including multiple sclerosis and spinal cord injury. Ciliary neurotrophic factor (CNTF) is a neuropoietic cytokine that promotes both survival and maturation of a variety of neuronal and glial cell populations, including oligodendrocytes. Present results suggest that, although CNTF has a potent survival and differentiation promoting effect in vitro on OPCs isolated from the adult spinal cord, CNTF administration in vivo is not sufficient to promote oligodendrocyte remyelination in the glial-depleted environment of unilateral ethidium bromide (EB) lesions.
Introduction
Identification of signals responsible for regulating the process of remyelination in vivo is critical to the development of therapies aimed at promoting remyelination. The EB model of chemical demyelination is an excellent model to study the potential of exogenously administered growth factors to directly promote oligodendrocyte survival and remyelination (Blakemore and Crang, 1989; Woodruff and Franklin, 1999) . Despite the successful recruitment of Nkx2.2 + /Olig2 + OPCs within EB lesions, spontaneous oligodendrocyte remyelination by endogenous OPCs is not efficient (Talbott et al., 2005) . Similarly, remyelination failure by endogenous OPCs is observed in chronic MS lesions (Chang et al., 2000 (Chang et al., , 2002 . The identification and delivery of factors that can promote the survival and differentiation of endogenous OPCs in vivo will potentially lead to therapies for patients suffering from demyelinating diseases.
CNTF isolated from the chick eye was originally shown to promote the survival of ciliary ganglionic neurons (Barbin et al., 1984) . Subsequent studies demonstrated a protective effect for CNTF on a variety of CNS and PNS neural subtypes (Hagg and Varon, 1993; Naumann et al., 2003) . In vitro, CNTF has been shown to promote the differentiation and survival of peri-natal OPCs, suggesting a potential therapeutic role for CNTF in promoting remyelination by endogenous oligodendrocytes (Louis et al., 1993; Mayer et al., 1994; Stankoff et al., 2002) . However, OPCs derived from peri-natal and adult animals demonstrate fundamental differences in rates of division, differentiation, migration and response to growth factors (Wolswijk and Noble, 1989; Chan et al., 1990; Engel and Wolswijk, 1996) . Therefore, it is important to directly test the effects of CNTF on adult OPCs as these cells are the primary target for CNTF therapy in vivo.
To determine if CNTF could promote the survival of OPCs derived from the adult rat spinal cord, adult OPC cultures were generated as previously described (Talbott et al., 2006) . Adult OPCs were induced to differentiate into O1 oligodendrocytes by withdrawal of FGF2 (Chemicon, Temecula, CA) and PDGF-AA (Sigma, St. Louis, MO) for 2 days. Then, the differentiated oligodendrocytes continued to grow in basal medium (DMEM/ F12 + 1× N2 + 1× B27 + 0.1% BSA) alone or basal media with CNTF (10 ng/ml; Sigma, St. Louis, MO) for five more days. Cell survival was assessed using an MTT colorimetric assay according to the manufacturer's instructions (Chemicon, Temecula, CA).
To measure OPC differentiation in vitro with CNTF, adult OPCs were cultured in either basal media + 5 ng/ml FGF2 (control) or basal media + 5 ng/ml FGF2 + 10 ng/ml CNTF. FGF2 was added to both groups to minimize spontaneous OPC differentiation. After 5 days of treatment, cell preparations were fixed and stained with antibodies for the mature oligodendrocyte marker O1 (Undiluted-hybridoma; ATCC, Manassas, VA). For in vitro quantification, ten fields at 20× power were randomly selected by a blinded observer from each of at least 3 different experimental trials. The mean cell counts from each of the three trials were then averaged and independent t-tests were performed to analyze for statistical significance.
For all animal experiments, surgical interventions and perioperative care were provided in strict accordance with the Public Health Service Policy on Humane Care and Use of Laboratory Animals and were approved by the University of Louisville Institutional Animal Care and Use Committee. For a summary of experimental animal groups, see Table 1 .
Group 1: Seven days after induction of focal, unilateral EB demyelinating lesions in the ventrolateral funiculus (VLF) of the rat thoracic spinal cord (for methods for VLF lesion induction, see Talbott et al., 2005) , human CNTF (R&D, Minneapolis, MN) was delivered via CNTF-loaded poly-lactide-co-glycolide (PLGA) nanospheres made from a spontaneous emulsion technique (Fu et al., 2003) . A total of 6 μl of CNTF-loaded nanospheres (25 mg/ml) in sterile saline was stereotactically injected directly into EB lesions with coordinates identical to those used for EB injection. For controls, equal concentrations of BSA-containing blank nanospheres were identically injected into EB lesions. Nine days after EB injection, animals were sacrificed. To assess in vivo bioactivity of nanosphere-derived CNTF, GFAP immunoreactivity was measured in the gray matter contralateral to transplanted EB lesions. Spinal cord specimens for immunohistochemistry were prepared as previously described (Talbott et al., 2005) . Image Pro Plus software (Media Cybernetics, MO) was used as previously described (Loy et al., 2002) to quantify GFAP immunoreactivity in a predefined region of interest (ROI) in the contralateral gray matter (ROI approximated in Fig. 1D ). All images for quantification were obtained with identical capture parameters using the Nikon Eclipse TE300 microscope and photographed with a Spot RT Color CCD camera. The ROI for GFAP quantification was defined by a vertical 250 μm × 300 μm rectangle with the ventral-most border centered at the most ventral region of the contralateral ventral horn. For all in vivo quantitative immunohistochemical analysis, at least 4 epicenterderived sections (approximately 60 μm apart) from each of 4 animals were analyzed.
Group 2: BrdU pulse labeling and dual-label immunohistochemistry were performed to determine the effect of CNTF on endogenous OPCs. To label proliferating OPCs, rats were pulselabeled with BrdU (100 mg/kg in sterile saline every 12 h) for 72 h beginning 2 days after ethidium bromide injection. This is the time point at which maximal OPC proliferation was previously seen after EB spinal cord lesions (Talbott et al., 2005) . Two days following the BrdU pulse, EB lesions were injected with either CNTF-loaded or blank nanospheres. Two weeks after EB injection the number of surviving BrdU + and BrdU + /NG2 + cells within CNTF-nanosphere and controlinjected lesions was determined. Manual identification of NG2 + /BrdU + cells for quantification was performed as previously described (McTigue et al., 2001; Talbott et al., 2005) .
Group 3: To determine if CNTF could enhance endogenous oligodendrocyte remyelination in vivo, CNTF-loaded or blank nanospheres were injected into EB lesions 7 days after lesion induction and animals were sacrificed 4 weeks later. APC + cell density was manually determined in the periphery of EB lesions using methods as described for group 2.
For both in vitro and in vivo studies, protein quantity was assessed using an ELISA kit (R&D Systems, Minneapolis, MN) for human CNTF. Results are expressed as ng of CNTF protein per mg of CNTF-loaded nanospheres for in vitro studies and ng of CNTF per mg of total protein for in vivo studies. In vitro, spheres release 1-5 ng CNTF/mg spheres/h for up to 168 h (the longest time point tested, Fig. 1C ). To quantify CNTF release in vivo at 7 days after CNTF injection, spinal cords were collected following perfusion with 200 ml of chilled saline. A 5 mm segment of spinal cord containing the injection site was dissected and processed with ELISA. Total protein concentrations from spinal samples were measured with a BCA protein assay kit (Pierce, Rockford, IL). Group 1: animals evaluated for astrogliosis in contralateral VLF following CNTF (n = 4) and blank (n = 4) nanosphere injection. Group 2: animals evaluated for survival of endogenous BrdU-pulsed OPCs following CNTF (n = 4) and blank (n = 4) nanosphere injection. Group 3: animals evaluated for presence of mature oligodendrocytes following CNTF (n = 4) and blank (n = 4) nanosphere injection into EB lesions. The survival of newly differentiated adult OPCs was assessed using the MTT assay. Adult OPCs were differentiated for 2 days by withdrawal of FGF2 and PDGF-AAaa then continued to grow in basal medium with or without CNTF (10 ng/ml) for five more days. Quantitative analysis of surviving MTT + cells demonstrated an approximate 300% increase in survival for cells treated with CNTF relative to control (*p = 0.03, t = 4.3, df = 2). (B) Adult OPCs were cultured in either basal media + 5 ng/ml FGF2 (control) or basal media + 5 ng/ml FGF2 + 10 ng/ml CNTF. FGF2 was added to both groups to minimize spontaneous OPC differentiation. As measured by expression of the more mature oligodendrocyte marker O1, CNTF-treated cultures demonstrate significantly increased differentiation relative to control (**p = 0.003, t = 2.7, df = 4). Data are expressed as the mean ± standard deviation. (C) CNTF-loaded nanospheres (black diamonds) release CNTF in a sustained fashion in vitro for up to 168 h (latest time point tested) while blank nanospheres (gray triangles) release no detectable CNTF. At each time point indicated, media were completely removed and protein quantity was assessed using an ELISA kit specific for recombinant human CNTF (rhCNTF) (expressed as ng of CNTF protein per mg of CNTF-loaded nanospheres). (D) GFAP immunoreactivity was assessed in the gray matter (white box) contralateral to transplanted EB lesions 7 days after nanosphere injection (6 μl of nanospheres at 25 μg/μl). Compared to blank nanospheres (E), CNTF-nanosphere (F) injection into EB lesions of the ventrolateral funiculus (VLF) dramatically increases GFAP immunoreactivity in the contralateral gray matter. The area shown in E and F corresponds to a high magnification view of the region delineated by the white box in D. (G) Quantitative pixel counts of GFAP immunoreactivity 9 days after nanosphere injection demonstrate a 130% increase in the contralateral gray matter of CNTF-nanosphere-treated lesions compared to blank nanospheres (***p < 0.001, t = 2.1, df = 20). EB lesions treated with blank (H) or CNTF-loaded (I) nanospheres (6 μl of nanospheres at 25 μg/μl) 5 days after EB injection contain similar densities of NG2 + /BrdU + cells at 14 days after EB injection (J, p = 0.54, t = 0.62, df = 16). BrdU pulse labeling (100 mg/kg every 12 h) was performed during days 2, 3 and 4 post EB injection. (K-M) Quantitative analysis of APC/CC-1 + profiles in the perimeter of (K) blank and (L) CNTFnanosphere-treated lesions was performed 4 weeks after nanosphere injection (M, p = 0.45, t = 2.1, df = 18). (A, B, F, I , L) The mean ± standard deviation are expressed as the percentage of control where the average density of positive profiles in blank nanosphere-injected lesions equals 100%. Independent t-tests were performed for all statistical analysis. Scale bar = 300 μm in D; 75 μm in E, F; 65 μm in H, I.
For immunohistochemical analysis, the following primary antibodies were used: NG2 (1:200; Chemicon), BrdU (1:100; Biodesign), GFAP (1:200; Dako), APC/CC-1 (1:100; Oncogene), and ED-1 (1:800; Chemicon). Appropriate secondary antibodies were applied for 90 min at room temperature. The following species-specific secondary antibodies were used: donkey anti-mouse fluoroisothiocyanate (FITC)-conjugated (1:100), donkey anti-rabbit rhodamine red (1:200) and FITCconjugated Fab′ fragments (1:100) and donkey anti-sheep FITC-conjugated IgG (1:100). All secondary antibodies were supplied by Jackson Immunoresearch Lab (Baltimore, MD).
CNTF treatment in vitro resulted in a significant increase in the number of surviving oligodendrocytes as assayed by MTT reactivity (p = 0.03, t = 4.3, df = 2; Fig. 1A ). The resulting increase in surviving cells following CNTF treatment did not result from increased proliferation as evidenced by a lack of BrdU incorporation by differentiated cells (data not shown). In addition to promoting adult OPC survival, CNTF administration to adult OPC cultures promotes adult OPC differentiation as evidenced by the significantly increased number of more differentiated, O1
+ oligodendrocytes in CNTF-treated cultures as compared to untreated control cultures (p = 0.003, t = 2.7, df = 4; Fig. 1B) . Thus, as with peri-natal OPCs, CNTF has a robust survival and differentiation-promoting effect on adult spinal cord-derived OPCs in vitro.
CNTF has been previously shown to induce robust astrogliosis (Winter et al., 1995; Levison et al., 1998) . CNTF nanosphere injection resulted in a dramatic astrogliosis extending to the contralateral gray matter as evidenced by a significant 130% increase in GFAP immunoreactivity compared to blank nanospheres (p < 0.001, t = 2.1, df = 20; Figs. 1D-G). Astrogliosis was not due to an increased inflammatory response to CNTF-loaded nanospheres as evidenced by a similar density of ED-1 + macrophages/activated microglia within CNTF and blank nanosphere-injected lesions (94 ± 20% of ED-1 immunoreactivity in controls versus CNTF-injected lesions, p = 0.49, t = 2.1, df = 18). These results provide evidence for specific bioactivity by nanosphere-derived CNTF in vivo. In CNTF nanosphere-injected lesions, levels of CNTF were 0.141 ± 0.014 ng CNTF per mg of protein (n = 4), compared to 0.040 ± 0.013 ng in the control animals (n = 2), further confirming CNTF release by engrafted nanospheres.
Endogenous OPCs proliferate maximally between 2 and 5 days after induction of EB lesions (Talbott et al., 2005) . Both CNTF and blank nanosphere-injected lesions contained BrdUlabeled cells after 2 weeks. CNTF nanosphere injection did not result in a significant change in the number of BrdU-labeled cells relative to blank nanosphere-injected controls (83 ± 33% of control; p = 0.28, t = 1.12, df = 14). Furthermore, dual-label immunohistochemistry for BrdU and the OPC marker NG2 showed that CNTF nanosphere injection did not result in a relative increase in the number of surviving NG2 + /BrdU + cells after 2 weeks (112± 40% of control; p =0.54, t =0.62, df =16; Figs. 1H-J).
Immunohistochemical analysis for the mature oligodendrocyte marker APC/CC-1 revealed only occasional oligodendrocytes in the central core of both blank and CNTF-treated lesions 4 weeks after nanosphere injection. Quantification of oligodendrocyte density in the perimeter of EB lesions did not reveal a difference between CNTF and control groups (89 ± 26% of control; p = 0.45, t = 2.1, df = 18; Figs. 1K-M).
Despite positive in vitro results and the confirmed delivery of bioactive CNTF into EB demyelinating lesions, neither survival nor differentiation of endogenous OPCs was enhanced in vivo by exogenously administered CNTF. Translating positive in vitro results with single growth factors into the complex in vivo environment of the demyelinated spinal cord has proven difficult. Previous studies have demonstrated that, in isolation, the exogenous delivery of neuregulin (Penderis et al., 2003) , insulin-like growth factor 1 (IGF-1) (O'Leary et al., 2002) and platelet derived growth factor (PDGF) (Woodruff et al., 2004) fails to promote remyelination following EBinduced demyelination. Linker et al. (2002) have shown that oligodendrocyte pathology is severely exacerbated in CNTF−/− mice following myelin oligodendrocyte glycoprotein (MOG)-induced experimental autoimmune encephalomyelitis (EAE). This phenotype in CNTF−/− mice could be reversed by treatment with antiserum to TNF-α, suggesting that the protective effects of CNTF were mediated through modulation of the inflammatory response as opposed to direct effects of CNTF on oligodendrocyte survival and maturation. Likewise, Kuhlmann et al. (2006) recently showed that systemic administration of CNTF ameliorates EAE pathology primarily by abrogating central nervous system (CNS) inflammation and blood-brain barrier breakdown. In that study, the potential neuroprotective and pro-remyelinating properties of CNTF were not directly addressed, but the complete absence of inflammation in high dose CNTF-treated animals suggests that the protective mechanism was primarily mediated by CNTF's suppression of T-cell infiltration into the CNS rather than direct effects by CNTF on OPC survival and remyelination. Using the EB model of demyelination, Penderis et al. (2003) has shown that the previously demonstrated pro-remyelinating effect of neuregulin (GGF-2) in EAE (Cannella et al., 1998) is not replicated in the non-immune mediated EB model of demyelination. Likewise, present results suggest that direct promotion of oligodendrocyte remyelination by local CNTF delivery in vivo does not occur in the absence of a primary neuroinflammatory insult. Collectively, these results suggest that the beneficial effect of CNTF on in vivo demyelinating injury models is not attributable to its direct promotion of OPC survival and differentiation despite the demonstration of these properties in vitro. Multiple studies have revealed that single growth factor delivery has little effect on altering remyelination in vivo. Numerous factors interact in a coordinated manner to orchestrate the complex process of remyelination. Thus, future attempts at promoting remyelination will likely depend upon timely combinatorial therapies and/or identification of molecules that regulate many downstream factors responsible for successful remyelination.
